The recent publication of the complete sequence of the Arabidopsis genome allowed us to identify and characterize the last two members of the SHAGGY-like kinase (AtSK) gene family. As a result, the study of the overall spatio-temporal organization of the whole AtSK family in Arabidopsis has become an achievable and necessary aim to understand the role of each SHAGGY-like kinase during plant development. An analysis of the transcript level of the 10 members of the family has been performed using the technique of real-time quantitative reverse transcriptase-polymerase chain reaction. Transcript levels in several organs, under different growth conditions, were analyzed. To calibrate the results obtained, a number of other genes, such as those coding for the two MAP3K⑀s and the two MAP4K␣s, as well as the stress response marker RD29A; the small subunit of the Rubisco photosynthetic enzyme Ats1A; the MEDEA chromatin remodeling factor; and the SCARECROW, ASYMMETRIC LEAVES 1, and SUPERMAN transcription factors all involved in key steps of plant development were used. The analysis of our data revealed that eight of the 10 genes of the AtSK family displayed a pseudo-constitutive expression pattern at the organ level. Conversely, AtSK13 responded to osmotic changes and saline treatment, whereas AtSK31 was flower specific and responded to osmotic changes and darkness.
The SHAGGY/GSK3-like kinases are non-receptor Ser-Thr (S/T) kinases playing numerous roles (for review, see Kim and Kimmel, 2000) . In animals, they are involved in the determination of cell destiny, resulting in the spatial organization of the body plan. In Drosophila melanogaster, a pool of several isoenzymes called SHAGGY and encoded by a single gene, is involved both in the definition of boundaries between the embryonic segments of the larvae (Siegfried et al., 1992) , and in the development of the central and peripheral nervous system (Heitzler and Simpson, 1991) . In the sea urchin embryo, the SHAGGY-like enzyme is involved in the definition of the animal/vegetal axis (Emily-Fenouil et al., 1998) . In Xenopus laevis embryo, a deficiency for the activity of this kinase results in a defect of the dorso-ventral plan formation, leading to the formation of two heads (He et al., 1995) . Finally, in mammals, two enzymes named GSK3␣ and GSK3␤ (for glycogensynthase kinase), encoded by two genes, are involved in the regulation of glycogen metabolism (Oreñ a et al., 2000) , in the stability of the cytoskeleton (Zumbrunn et al., 2001) , and in numerous other processes related to oncogenesis (Webster et al., 2001 ).
In higher plants, the SHAGGY-like genes are present as small gene families. They have been characterized from a number of plant species (Pay et al., 1993; Tichtinsky et al., 1998; Jonak et al., 2000) . Before the completion of the sequencing of the whole Arabidopsis genome, eight genes were known to belong to the SHAGGY-like gene family (AtSK; Jonak et al., 1995; Dornelas et al., 1998 Dornelas et al., , 1999 Tichtinsky et al., 1998) . Recently, two additional genes, AtSK13 and AtSK42 (according to the nomenclature of Dornelas et al., 2000) , were characterized from the database. The relationship between the 10 Arabidopsis genes, based on the comparison of the sequence of their catalytic domain, is presented in Figure 1 . The whole AtSK gene family is divided into four subgroups. AtSK13 forms a subgroup with AtSK11 and AtSK12, whereas AtSK42 forms a subgroup with AtSK41. Altogether, the 10 AtSK genes share between 75.1% and 98.2% identity, and between 90.2% and 99.3% similarity in their catalytic domain. The identity remains high with 50% in the N-terminal region and 65% in the C-terminal region.
In plants as in the animal kingdom, the roles of the SHAGGY-like enzymes seem to be numerous. On one hand, Li and Nam (2002) recently reported on the Arabidopsis bin2 mutant containing a semidominant mutation in the AtSK21 catalytic domain, resulting in 30% increase of the kinase activity. bin2 had previously been studied for its insensitivity to the brassinosteroid hormone (Li et al., 2001) , and displays a dwarf phenotype, accompanied by curved leaves and an impaired cell elongation. Simultaneously, PerezPerez et al. (2002) characterized the Arabidopsis ucu1 (ultracurvata1) mutant modified in the same exon and displaying the same phenotype as bin2. On the other hand, Dornelas et al. (2000) reported that Arabidopsis plants expressing antisense for the two SHAGGYlike genes, AtSK11 and AtSK12, displayed defects in flower morphology. The flowers of these plants showed supernumerary petals compared with the wild type. The SHAGGY-like kinases are also involved in the plant response to stress. In Arabidopsis, Piao et al. (2001) reported that AtSK22 conferred resistance to NaCl, whereas in alfalfa (Medicago sativa) , Jonak et al. (2000) showed that WIG, a SHAGGYlike homolog, responded to wounding.
In summary, five studies have reported so far on the involvement of four members of the AtSK gene family, three of them in plant development (two specifically in flowers and one in a hormonedependent developmental process), and one in resistance to abiotic stress. This seems to indicate that the 10 AtSK isoenzymes might each be involved in fundamentally distinct processes, revealing a complex organization of the gene family at the functional level. The aim of our work now is to allocate a biological function to each of these gene members, both to better understand the roles of the SHAGGYlike kinase gene family in plants, and to elucidate the complexity of the functional organization within this gene family. Relationship tree based on the catalytic domain of the Arabidopsis Ser/Thr protein kinases. The sequence-based relationship between AtSK, AtMAP3K, and AtMAP4K, compared with the other groups of S/T kinases, is presented in the tree. In bold are indicated the major groups of S/T kinases, i.e. the receptor-like kinases (RLK) and the RAF kinases (standard characters), as well as the non-receptor S/T kinases, such as CMGC, AGC, CaMK, and STE (comic characters), as defined by Hunter and Plowman (1997) . The 10 AtSK genes, the two AtMAP3K⑀s, and the two AtMAP4K␣s are typed in bold small characters. The distance tree was constructed using the neighbor-joining method (Saitou and Nei, 1987) via the ClustalX program. We rooted the tree using the sequences of Arabidopsis RLK. The tree, including 52 RAF and 316 non-receptor S/T kinases, has been simplified. The bootstrap values of 100 replicates are only indicated for the AtSK, the AtMAP3K⑀, and the AtMAP4K␣ proteins.
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Because the last two members have been identified recently, the first achievable approach was to perform a comprehensive analysis of the transcription profile of the 10 AtSK genes. SHAGGY/GSK3 kinases, like most of the S/T kinases, are posttranslationally regulated by phosphorylation. Phosphorylation on Ser-9 inhibits the activity of GSK3 (Dajani et al., 2001) , whereas phosphorylation on the Tyr-216 increases it (Wang et al., 1994) . However, numerous kinase-encoding genes have been shown to respond also at the transcriptional level to different types of treatments, including hormonal (Marcote and Carbonell, 2000; Lindroth et al., 2001 ), light (Hajouj et al., 2000 , sugar (Chikano et al., 2001) , wounding (Shin et al., 2001) ,and pathogen attack (Murillo et al., 2001) stresses, thereby revealing their involvement in these latter biological processes. Furthermore, Jonak et al. (2000) showed that the alfalfa SHAGGY-like kinase WIG responded to wounding at the transcriptional level, a response that has been further confirmed at the posttranslational level. Therefore, specific features of the expression profile of the AtSK genes will reveal putative biological functions for these proteins.
The expression profile of only some of the AtSK genes has already been partially described using techniques such as northern blot under standard growth conditions (Dornelas et al., 1999) or under specific treatments (Piao et al., 1999) . However, northern-blotting experiments require both a relatively high expression level for the gene tested, and a specific probe. Aiming at analyzing 10 relatively lowexpressed members of a homogeneous gene family all sharing a high percentage of identity, we decided to use the real-time quantitative reverse transcriptase (RT)-PCR technique, which offers both a high sensitivity and a high specificity (Bustin, 2000) . In addition, it allowed us to define the absolute level of the targets present in a sample. The accuracy and the reliability of the real-time PCR have previously been reported in many studies on human genotyping and pathogen detection (Greiner et al., 2001; Kariyazono et al., 2001) . In plants, it has been used to determine the number of T-DNA insertions in transgenic plants (Ingham et al., 2001) , to detect the presence of genetically modified organisms in food (Hernandez et al., 2001 ), or in turn to quantify the level of transcripts present in plant organs (Lammers et al., 2001; Reintanz et al., 2002) . Finally, because it does guaranty a specific detection of each gene of the family, the real-time RT-PCR technique is the best tool to carry out an analysis of the expression level of genes belonging to a very conserved gene family, as illustrated by Yokoyama and Nishitani (2001) , on the members of a cell wall enzyme gene family.
This article reports on the comprehensive expression profile of the 10 members of the SHAGGY/ GSK3-like kinase gene family in all the main organs of Arabidopsis and under a series of abiotic treatments, including changes of temperature, increase in salt concentration and osmotic pressure, dehydration, leaf wounding, and growth in the dark.
RESULTS

Absolute Levels of the AtSK Transcripts, and Calibration with Relevant Reference Genes
The absolute steady-state transcript level of the 10 AtSK genes was measured, using the technique of real-time RT-PCR (see "Materials and Methods"), in total RNA extracted from seedlings and seven different Arabidopsis organs, namely roots, rosette leaves, cauline leaves, inflorescence stems, flower buds, open flowers, and siliques. In addition, seven treatments were applied to young plants. The first series of treatments corresponded to modifications of temperature (4°C or 40°C). The second series of treatments consisted in dehydrating the plants, or modifying either the salt concentration by adding 150 mm NaCl, or the osmotic pressure by adding 25% (w/v) PEG. Finally, the transcriptional control of leaf wounding was tested, as well as that of the absence of light during several days (see "Materials and Methods"). Figure 2 illustrates, for each subgroup of the AtSK gene family (see Fig. 1 for the subgroup definition), the range of the transcript levels observed in the conditions described above. All the members of this gene family displayed a similar steady-state transcript level, with an average around 2,000 copies of transcripts (expressed as genome equivalent [ge] ; see "Materials and Methods" for the definition of this unit) per nanogram of total RNA (ge ng RNA Ϫ1 ). However, subgroup 4 exhibits the lowest level, whereas subgroup 3 the highest.
About 1,100 S/T kinases have been detected in the genome of Arabidopsis, and two-thirds of them correspond to receptor-like protein kinases. To place the expression profile of the SHAGGY-like kinase genes within this superfamily of S/T kinases, the transcriptional behavior of other non-receptor S/T kinases needed to be surveyed. Therefore, we selected two additional groups of S/T kinases, distant enough from the AtSK at the sequence level to provide information about three dispersed groups of S/T kinases. The first group contains the two MAP3K⑀ from Arabidopsis, namely AtMAP3K⑀1 (Jouannic et al., 2001) and AtMAP3K⑀2 (identified by homology to AtMAP3K⑀1). These two kinases share 87.6% identity and differ from the other MAP3K at the sequence level (see Fig.  1 ). The second group corresponds to the two MAP4K␣s namely AtMAP4K␣1 and AtMAP4K␣2, which both are the orthologs of two MAP4K␣s from Brassica napus (Leprince et al., 1999) . They share 78.7% identity, and constitute, with the two B. napus MAP4K␣, a small subgroup of the SOK (STE20 oxydative stress kinase) group, closely related to animal and yeast (Saccharomyces cerevisiae) MAP4Ks (Dan et . The absolute transcript level of these four genes has been measured using the real-time RT-PCR technique on the same samples as those tested for the AtSK genes. Figure 2 shows that both the AtMAP3K⑀ and the AtMAP4K␣ transcripts were present at levels 6 times lower, on average, than the AtSK transcripts.
In the frame of this study, reference genes used as controls to validate the experimental conditions were needed. The SHAGGY-like proteins are involved in both reproductive and vegetative development. Therefore, to accurately interpret the transcriptional behavior of the SHAGGY-like genes, it was necessary and relevant to test in parallel genes specifically involved in the development of flowers, leaves, and roots. The identity of these genes extended from proteins ubiquitously required to ensure the overall cell growth to proteins specifically involved in discrete processes of plant development. On one hand, the cytoskeleton proteins ACTIN have been chosen as housekeeping references. Although members of the Arabidopsis ACTIN gene family are differentially expressed (Huang et al., 1997) , An et al. (1996) demonstrated that the two members, ACT2 and ACT8, display complementary patterns of expression, making their combined expression profile quasiconstitutive. The gene Ats1A coding for one of the small subunits of the Rubisco (Krebbers et al., 1988) has been shown to respond at the transcriptional level to light (Gallagher and Ellis, 1982; Morelli et al., 1985) , thereby providing a marker of photosynthesizing tissues. On the other hand, genes specific for flower and seed identities have been tested: the transcription factor SUP (SUPERMAN) is expressed in the floral meristem of Arabidopsis, where it has been shown to control the boundary between the stamen and the carpels (Sakai et al., 1995) . Likewise, MEA (MEDEA), a protein homologous to the D. melanogaster chromatin-structure modifier protein Enhancer of Zeste, controls the development of the embryo and the endosperm (Grossniklaus et al., 1998) . Therefore, these two genes were used as transcriptional markers of flower identity. The two genes encoding the transcription factors SCR (SCARECROW) and AS1 (ASYMMETRIC LEAVES1) were also tested. Based on the phenotype of scr deficient mutants, SCR plays a very discrete and specific role in the definition of the cortex and the endodermis root cell lines (Di Laurenzio et al., 1996) . As for AS1, it codes for an Myb domain protein controlling the size and the morphology of the leaves in Arabidopsis (Byrne et al., 2000) . Finally, the gene RD29A, shown to respond to a variety of environmental stresses including dehydration, low temperature, saline treatments, and osmotic changes (Yamaguchi-Shinozaki and Shinozaki, 1993) , was used to validate the treatments applied.
These 11 genes have been tested in the same samples as those used for the AtSK genes. For each of the Charrier et al.
genes tested, Figure 2 illustrates the averaged absolute levels, as well as their range of distribution. First, it shows that the reference genes displayed different averaged absolute transcript levels. The Ats1A and RD29A genes showed a very high level of transcripts (10 4 -10 5 ge ng RNA Ϫ1 ), whereas MEA and SUP displayed the lowest amount of transcripts (50 ge ng RNA Ϫ1 for MEA, and just above the background level for SUP). ACT2/8 transcripts were twice as abundant as the AtSK transcripts. First, these reference genes altogether framed the absolute level of the AtSK genes. Second, all but one gene displayed a broad range in their transcript level, with at least one order of magnitude between the lowest and the highest level. This broad range reflects the variation of levels observed in response to the growth conditions (see further in the text). However, ACT2/ACT8 genes displayed only a maximum of 5-fold variation (between 2.10 3 and 10 4 ge ng RNA Ϫ1 ), with most of the samples displaying levels comprised between 4.10 3 and 6.10 3 ge ng RNA Ϫ1 (data not shown). Facing so different growth conditions, a standard was needed to calibrate the subsequent data. Therefore, due to both their housekeeping function and their demonstrated stable expression profile, the ACT2/ACT8 genes have been used as a standard. Their absolute transcript levels obtained for each sample will be considered further in the text as a reflection of the amount of cDNA, and the data will be expressed as relative levels of transcripts standardized with the ACTIN2/8 absolute transcript level detected in each sample. Figure 3 illustrates the relative transcript level of 20 genes standardized with the ACTIN2/8 absolute transcript level in Arabidopsis organs. The results obtained for the 10 AtSK genes are shown in Figure 3A . Each of the 10 genes was shown to be expressed, demonstrating that all the members of this gene family were transcriptionally active. In the growth conditions used, the 10 genes displayed a similar and fairly constant expression pattern, i.e. they were expressed: (a) in all of the eight organs tested, (b) at similar levels in roots, rosette leaves, cauline leaves, inflorescence stems, siliques, and seedlings, and (c) at a higher level (maximum 3-fold) in flower buds and open flowers compared with the other organs. However, AtSK41 and AtSK42 transcript levels were systematically lower than the eight other AtSK genes in most of the organs tested. In addition, AtSK31 displayed a stronger expression in inflorescence organs: Its transcript level is 8 times higher in flower buds and open flowers than in the vegetative organs. It is also 2 to 3 times higher in inflorescence stems. Figure 3B shows that the two AtMAP3K⑀ and the two AtMAP4K␣ transcripts were detected in all the conditions tested. Altogether, these genes displayed similar expression patterns with a fairly constant transcript level in all the organs tested, except in flower buds and open flowers, where it is slightly increased. Therefore, beside differences in the absolute expression levels mentioned previously (Fig. 2) , the relative expression pattern of the above four MAP kinase genes is very similar to that of the AtSK genes, except for AtSK31. Among the 14 S/T kinase genes studied, AtSK31 is the only gene that displayed a significant organ specificity of expression.
Relative Expression Profile of the 10 AtSK Genes in Arabidopsis Organs
Figure 3, C and D, report on the relative transcript level of the six reference genes under the same growth conditions. Figure 3C shows that Ats1A transcripts accumulated at various levels in all the organs tested, except in roots, where they were only detectable at a background level. Hence, Ats1A allowed us to confirm the photosynthetic nature of the aboveground organs tested in this study. In addition, the transcript level of the stress-responding marker RD29A varied to a maximum of 9-fold, which is at least 25 times lower than those observed in stressed plants (see further in the text). This demonstrated that the organs analyzed in this experiment were not under stressing growth conditions. Figure 3D shows that MEA and SUP transcripts were barely detectable in the vegetative organs, but their levels was dramatically increased in flower buds and open flowers compared with vegetative organs. Therefore, in agreement with their functions in embryo and flower development, respectively, MEA and SUP displayed expression patterns extremely specific for reproductive organs. In contrast, AS1 and SCR, each specifically involved in the development of respectively the leaf and the root, displayed similar levels of transcripts in all the organs tested. Therefore, the expression pattern of AS1 and SCR, at the organ level, is reminiscent of that of most AtSK genes, apart from AtSK31, which tends to display, as MEA and SUP, an expression specific for reproductive organs.
Relative Expression Profile of the 10 AtSK Genes under Abiotic Treatments
The relative expression profile of the 10 members of the AtSK gene family, as well as the 10 reference genes, was investigated in plants undergoing abiotic treatments. For each treatment, three-point kinetics was performed. The data are summarized in Table I , and illustrated only for the response-inducing treatments in Figure 4 . To emphasize the results, only 2 times variations or more were considered. Among the reference genes, different responses were observed. The transcript level of the stress marker gene RD29A increased up to a 100 times in response to most of the treatments applied, which validated our experimental conditions. However, in the dark, RD29A transcripts were 25 times less abundant than in the light. This reduction is similar to that observed for Ats1A, which displays a 100 times reduction in the same conditions. Most of the genes tested displayed a reduction in their level of transcripts, which is likely to be due to a severe decrease of the metabolic activity of the whole plant, and which, therefore, will not be considered as a relevant response. The Ats1A steady-state level of transcripts seemed also to be positively regulated by NaCl treatment, and negatively regulated by the treatment to PEG. This result is consistent with previous studies showing that the activity of the Rubisco enzyme is inhibited by an increase in the concentration of Pro residue (Sivakumar et al., 2000) and by a hyperosmotic treatment with mannitol (Moreno and Spreitzer, 1999) . Conversely, NaCl has a modulating effect on the activity of the Rubisco (Sivakumar et al., 2000) . Altogether, the genes RD29A and Ats1A validate the experimental conditions, i.e. temperature, salt, osmotic pressure, dehydration, and darkness. None of the treatments applied to the whole plants are able to modulate the expression pattern of AtMAP3K⑀ genes, in contrast to AtMAP4K␣ genes. Although AtMAP4K␣2 did only weakly respond to PEG treatment, AtMAP4K␣1 transcript levels were highly increased in response to three individual treatments, corresponding to NaCl (7 times), PEG (6.5 times), and wounding (3 times). It is worth noting that genes displaying an extremely low absolute level of transcripts, such as SUP, do display aberrant ratios of induction, which, therefore, are not considered here. Apart from MEA (see further in the text), no significant responses were observed for the other reference genes.
Among the AtSK family, one can classify the 10 genes within two main groups. The first group contains genes that did not significantly respond to any of the treatments applied, i.e. the subgroup I genes AtSK11 and AtSK12, the subgroup II genes, subgroup III gene AtSK32, and subgroup IV gene AtSK41. The second group comprises genes that significantly responded to one or several of the treatments applied. Subgroup I gene AtSK13 displayed a significant increase of its transcript level in response to hyperosmolarity both by addition of NaCl (3 times) and of PEG (4 times). Subgroup IV gene AtSK42 also responded both to NaCl and PEG treatments, but at a lower level, and later (only at 8 h, see Fig. 4 ) than AtSK13. Although saline treatment moderately in- Only the results obtained for four treatments (NaCl, PEG, dark, and wounding) of the seven performed in this study are presented. The transcript level is represented as log 2 of RЈ. RЈ is defined as the ratio of the R n value of the studied gene (R ϭ absolute value of the gene/absolute value of ACT2/ACT8 Ϫ1 ) at the time T n , to the R 0 value of the same gene at the time T 0 . The scale is presented in the left margin, whereas the kinetics timepoints are indicated in the right margin. Due to the ratio calculation, the SDs are not represented in this figure. The transcriptional response of the 10 AtSK genes is separated from the other 10 reference genes by a vertical bar.
creased the level of subgroup III AtSK31 transcripts (2 times only at 8 h, Fig. 4) , hyperosmolarity by addition of PEG increased it 2.5 times at both 4 and 8 h. Altogether, AtSK13, AtSK31, and, more moderately, AtSK42, responded positively at the transcriptional level to changes of solutes supply. Interestingly, AtSK31 was the only of the three latter AtSK genes to display an additional response to another treatment. Its transcript level was 4 times higher when the plants were grown in the dark. Likewise, MEA transcripts are 8 times more abundant in plants subjected to 10 d of darkness instead of short-day conditions. Therefore, AtSK31 and MEA are the only two genes of the 20 tested, for which the steady-state level of transcripts is significantly higher under the latter conditions.
DISCUSSION
The work reported in this article illustrates the features and the advantages of the real-time RT-PCR technique. First, it allowed us to estimate the absolute level of transcripts of any type of genes studied, with either a very high or an extremely low level of expression. It is worth noting that no report about quantitative analysis of the SUP or MEA steady-state transcript levels had previously been published, and that genes such as AtMAP3K⑀ and AtMAP4K␣ could not be analyzed quantitatively by another method so far. Second, this technique guaranties the specific detection of the gene studied, even when it belongs to a very conserved gene family. The microarray technology could be a powerful tool, especially when expression profiling is concerned. However, hybridization of chips loaded with full-sized cDNAs or even partial EST would not be suitable for the study of a gene family because of the lack of specificity of the targets. Conversely, due to its high cost, real-time RT-PCR has to remain a technique used for low-to middle-scale studies.
Thanks to the sensitivity and the reliability of this technique, we further described the expression profile of the AtSK genes and the putative functions allocated to individual members of this gene family. First, we have shown that the 10 AtSK genes are expressed at a quasiconstant level, comparable with that of the ACTIN2/8 genes, in all the organs tested. This ubiquitous profile may indicate that the whole AtSK gene family is recruited to play fundamental and basic roles in the cellular functioning of the whole plant. In accordance, Li and Nam (2002) and Perez-Perez et al. (2002) , respectively, have recently described that the Arabidopsis bin2 and ucu1 mutants, which are both altered in the catalytic domain of AtSK21, displayed an impairment in the cell elongation along longitudinal axis and in lateral organs.
Second, we showed that three SHAGGY-like genes displayed significant modifications of their steadystate transcript levels in specific organs or in response to specific stresses. In flowers, AtSK31 is overexpressed. Previously, Dornelas et al. (2000) reported that plants expressing antisense of the AtSK11 and AtSK12 genes displayed discrete phenotypic alterations only in flowers. The flowers of these plants presented supernumerary perianth organs and an altered gynecium. Therefore, it seems that at least three SHAGGY-like genes, only two of them belonging to the same subgroup, are involved in flower development or metabolism.
Growth in the dark resulted in an increase of AtSK31 transcript levels. Perez-Perez et al. (2002) have reported that the Arabidopsis mutant ucu1 did not display any etiolated phenotype when grown in the dark, but rather showed a constitutive photomorphogenic response. Therefore, it seems that members of the AtSK gene family are involved in metabolic and developmental responses to darkness. This observation is reminiscent of the function of the SHAGGY enzyme in the control of the circadian rhythm in D. melanogaster (Martinek et al., 2001 ). Furthermore, Amador et al. (2001) have recently identified the potato (Solanum tuberosum) gene PHOR1, which responds at the transcriptional level to the photoperiod, and whose inhibition results in an early tuberization under short-day conditions. PHOR1 codes for a protein homologous to the D. melanogaster Armadillo, a Segment Polarity protein whose degradation and subcellular localization are controlled by the SHAGGY kinase (Ruel et al., 1999) . Altogether, these data tend to indicate that at least two SHAGGY kinases, as well as the signaling pathway they are involved in, play a role in the plant response to light.
AtSK13, and, more moderately AtSK31 and AtSK42, positively responded at the transcriptional level to both an increase of the osmotic pressure and to a saline treatment. The variation of the transcript level in response to addition of NaCl is relevant to the study by Piao et al. (1999 Piao et al. ( , 2001 , who, based on yeast mutant complementation experiments and overexpression of the gene in planta, have shown that AtSK22 was involved in NaCl stress resistance in Arabidopsis. Therefore, at least two genes of the SHAGGY-like family may be involved in response, or even resistance as for AtSK22, to saline treatment. In contrast, there is no report so far about a putative involvement of the SHAGGY-like kinases in signaling pathways triggered by osmotic changes. However, numerous kinases are known to be involved in such pathways, such as the MAP kinase module. Here, we showed that an Arabidopsis MAP4K, AtMAP4K␣1, positively responded at the transcriptional level to both saline and PEG treatments, a result that has never been reported so far in plant. The first response is relevant to the description of an MAP cascade induced by high salinity. This cascade comprises an MAP3K (AtMEKK1; Mizoguchi et al., 1996) and an MAP2K (AtMKK2/MEK1, respectively; Morris et al., 1997; Ichimura et al., 1998 ), the transcript level of which is increased in response to the above treatment. As for the response to the osmotic changes, the induction of AtMAP4K␣1 is reminiscent of the results of Raitt et al. (2000) , which showed that in yeast, the "high-osmolarity glycerol" response is mediated by a pathway dependent on the Ste20 MAP4K. Hence, both the SHAGGY-like kinase AtSK13 and the AtMAP4K␣1 might be part of a signaling network involved in the perception of salt and osmotic changes.
In contrast to the AtMAP4K␣ genes, none of the AtSK genes did respond to wounding at the transcriptional level. However, Jonak et al. (2000) reported that WIG, an alfalfa gene coding for a SHAGGY-like protein homologous to AtSK32, responded both at the transcriptional and at the posttranslational level to wounding. Under the conditions used, we were unable to detect any induction of AtSK32 transcription along this kinetics. A differential response to abiotic treatments between genes from alfalfa and putative orthologues from other species has already been reported. Davletova et al. (2001) have noticed that a gene coding for a calmodulin-like domain protein kinase from alfalfa differentially responded to heat shock and auxin when compared with its homologs in other plant species. Alfalfa is a member of the Fabaceae family, which has developed, compared with other plant families, specific strategies to respond to wounding and pathogen attack. This might explain differences in the recruitment of SHAGGY-like genes to a wounding response. Alternatively, AtSKs might as well have been recruited for wounding responses by posttranslational modifications of the protein pool, produced from a constant steady-state pool of transcripts.
Altogether, these results increased our knowledge about the involvement of the Arabidopsis SHAGGYlike kinases in plant development and in response to stresses. On one hand, they reinforced previous reports on the analysis of shaggy mutants or antisense plants, which showed that one given member of this gene family was involved in plant development (AtSK21; Li and Nam, 2002; Perez-Perez et al., 2002) or in resistance to stress (AtSK22; Piao et al., 2001) . We showed here that other genes of the same family, namely AtSK13 and AtSK31, also seem to be involved in the latter processes. On the other hand, the transcriptional induction of AtSK13 in response to osmotic changes allows us to open a new area of investigation on the roles played by these enzymes in the transduction of the signal resulting from a variation of the osmotic pressure. Therefore, plant SHAGGYlike enzymes, like their animal homologs, are likely to be involved in numerous biological processes. AtSK22 in response to saline treatment, or in turn, AtSK31 and AtSK21 in response to the lack of light. Alternatively, one given member can participate in several processes, such as the flower-specific AtSK31 gene, which responds to both osmotic changes and growth in the dark.
Facing such a complexity in the allocation of the AtSK functions, other methods of analysis should be approached. First, the organ level expression profile should be completed by data on cell and tissue specificity. However, in situ hybridization requires the use of probes several hundred base pairs long to provide a signal detectable at the cellular level, which may be difficult to achieve when highly similar genes belonging to the same gene family are studied. Dornelas et al. (2000) previously reported on the cellular expression profile of five of the SHAGGY-like genes in embryos and in floral meristems. They showed that AtSK11 and AtSK12 genes displayed identical expression pattern, whereas AtSK21, AtSK22, and AtSK23 presented similar but different expression patterns within the organs tested, thereby increasing even more the complexity, at the functional level, of the SHAGGY-like gene family. Second, the roles filled by these genes in plants should be assessed by a study of the phosphorylation state of the AtSK isoenzymes, which requires antibodies to be produced for each of them. Finally, the analysis of null or negative-dominant mutants, none of which has been described so far, is an unavoidable goal to elucidate the functions fulfilled by each member of the SHAGGY-like gene family. 
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MATERIALS AND METHODS
Plant Material
Arabidopsis ecotype Columbia seeds were sown in soil in a growth chamber (17°C, 65% [v/v] hygrometry, 100% light HQI, and 0% [w/v] sodium) under a 16-h photoperiod. Seedlings were harvested 17 d after sowing (two cotyledons ϩ four leaves stage). Roots, rosette leaves, cauline leaves, inflorescence stems, flower buds, open flowers, and 0.5-cm-long green siliques were harvested from a pool of 50 plants, 60 d after sowing. While harvesting the inflorescence stems, mainly primary inflorescence stems were taken and stem nodes were avoided. To test the effect of abiotic treatments on gene expression, 50 Columbia seeds were incubated in 250 mL of Murashige and Skoog (catalogue no. M0222, Duchefa, Haarlem, The Netherlands) liquid medium, complemented with 20 g L Ϫ1 Suc, pH 5.7 (MS20) in a growth chamber at 25°C. After 15 d, the seedlings were transferred to different environments to make them undergo several types of abiotic stimuli, after a kinetics at time 0, 4, and 8 h. Concerning the temperature stimuli, the flasks were put in an ice box, or in a 40°C water bath. The dehydration test was performed by taking out the seedlings from the flask and laying them on Whatman 3MM (Whatman, Clifton, NJ), according to Iuchi et al. (2000) . The salt and the osmotic stimuli were carried out by transferring the seedlings into MS20 ϩ 150 mm NaCl or 25% (w/v) PEG 6000, respectively. Wounding was performed by lacerating all the leaves of plants grown for 49 d in short-day conditions in greenhouses at 19.5°C day/17.5°C night temperature, with 60% (v/v) hygrometry and a light intensity of 300 E m Ϫ2 s Ϫ1 . Ten plantlets were harvested 30 and 60 min after wounding. Darkness was applied to 46-d-old plantlets grown in shortday conditions (see above). Ten plantlets were then transferred under total darkness in the same temperature and hygrometry conditions as the control plantlets. The 10 plantlets were harvested after 50 h or 10 d in the dark, as the corresponding 10 control plants grown under light. All the plant materials were frozen in liquid nitrogen immediately after harvesting. All these processes were repeated at least twice.
RNA Extraction and cDNA Preparation
Total RNA has been extracted from the frozen materials using the Plant RNeasy extraction kit (Qiagen USA, Valencia, CA). To eliminate the residual genomic DNA present in the preparation, the RNA was treated by an RNAse-free DNAse I according to the manufacturer's instructions (Qiagen USA). Total RNA was then quantified with a spectrophotometer, and loaded on a denaturing agarose gel to check their concentration and their integrity. Five micrograms of total RNA was reverse transcribed using the Superscript II RT kit (catalogue no. 18089-011, Life Technologies/Gibco-BRL, Cleveland) according to the manufacturer's instructions. cDNA was diluted at a concentration depending on the level of expression of the studied gene (for example, 10 ng of equivalent total RNA was tested in the PCR experiment for the AtSK genes). cDNA was aliquoted and kept at 4°C during the whole experiment to avoid discrepancy in the data due to freezing-thawing cycle repetitions.
Real-Time Quantitative RT-PCR
Gene and Oligonucleotide Designation
The PCR amplification has been performed with oligonucleotides specific for 21 genes. The genes, as well as the sequence of their specific oligonucleotides, are presented in Table II . For the amplification of the ACTIN genes, two oligonucleotides were designed so that the two genes ACTIN 2 and ACTIN 8 were amplified simultaneously. The position of these oligonucleotides has been chosen so that the size of the PCR product ranges between 50 and 150 bp. The suitability of the oligonucleotide sequences in term of efficiency of annealing has been tested, first by using the Primer Express 1.0 (Perkin-Elmer Applied Biosystems, Foster City, CA) and the Oligo 4.0 (W. Rychlik) softwares, and second, by determining the rate of amplification at each cycle for each couple of primers.
Amplification
The cDNA was amplified using the SYBR-Green R PCR Master kit containing a Hot Start Taq polymerase (catalogue no. 430 9155, Perkin-Elmer Applied Biosystems) on the GeneAmp 9600 thermocycler (Perkin-Elmer Applied Biosystems). To determine the absolute number of specific cDNA molecules present in the samples, a standard was needed. Because more than 20 genes were tested, and to improve the comparison between specific gene amplifications, we used Arabidopsis genomic DNA (gDNA) as a reference matrix. For each experiment, a range of six dilutions of gDNA from Arabidopsis ecotype Columbia was tested in the same conditions as the cDNA samples. Knowing accurately the size and the mass of the genome of Arabidopsis ecotype Columbia, we were able to determine the number of genomes present in this dilution range, which, thus, can be used as a reference for the calculation of the number of cDNA molecules present in each sample tested. Therefore, the data were expressed as a number of Arabidopsis ge per nanogram of total RNA. At the end of the PCR cycles, the data were analyzed with the GeneAmp 5700 SDS software (Perkin-Elmer Applied Biosystems). To check the specificity of annealing of the oligonucleotides, a dissociation kinetics was performed by the machine at the end of the experiment. In addition, each amplified product was sequenced. Despite a treatment of the RNA with DNase I before cDNA amplification (see above), the contamination by gDNA was checked by amplification of gDNA using primers annealing on introns. The number of genome copies ranged from 0 to 20 ng of total RNA Ϫ1 (data not shown). Despite that these values are negligible compared with the Ͼ2,000 copies ng RNA Ϫ1 amplified for most of the genes tested in this study, we nevertheless took them into account for the calculation of the final value obtained for the cDNA samples.
In one experiment, at least four values, corresponding to the absolute transcript levels, were produced for each sample. The experiments were repeated at least twice independently, and the data were averaged. Depending on the samples, the sds were between 5% and 30% of the average value (data not shown). To standardize the data, the ratio of the absolute transcript level of each gene to the absolute transcript level of ACTIN 2/8 was calculated for each sample. Due to this ratio calculation, the sds were not displayed in Figures 3 and 4. 
